microRNAs (miRNAs) are small noncoding RNAs that post-transcriptionally regulate gene expression. Several miRNAs are linked to biological processes associated with cancer initiation and progression. 1 In tumorigenesis, the requirements for miRNAs and the enzymes that process them remain unresolved. While tumor development may be facilitated by the gain or loss of specific miRNAs, an overall reduction in miRNA has been reported in human malignancies. 1 Reduced activity or expression of Dicer, an enzyme crucial for miRNA biogenesis, causes downregulation of miRNA in some cancers. 1 These observations led to the hypothesis that reduced Dicer levels facilitate tumorigenesis.
In support of this concept, Dicer was reported to function as a haploinsufficient tumor suppressor in mouse models of soft-tissue sarcoma, lung adenocarcinoma, and retinoblastoma. [2] [3] [4] However, Dicer hypomorphic mice, which express Dicer at 20% of normal levels, do not have an increased incidence of cancer. 5 Moreover, we demonstrated that Dicer does not function as a haploinsufficient tumor suppressor in B-cell lymphoma, as loss of one Dicer allele did not affect the rate of B-cell lymphomagenesis regardless of the p53 tumor suppressor status. Additionally, heterozygosity of Dicer did not alter Dicer protein levels or mature miRNA production in B-cell lymphomas, indicating that one Dicer allele is sufficient for normal Dicer function in B cells. 6, 7 Therefore, reduced levels of Dicer appear to have differential effects in different tissues during transformation.
There is mounting evidence that Dicer, and thus miRNA, is required for tumorigenesis. Although it was initially reported that deletion of Dicer in the lung led to tumor development, it was later determined the lung cancer cells in these mice actually retained one Dicer allele.
2 Additionally, attempts at homozygous Dicer deletion in other mouse models, including data generated in our laboratory with a Myc oncogene-driven B-cell lymphoma model, have revealed selection against complete ablation of Dicer in cancers. 2, 3, 6, 7 We showed that Myc-induced lymphomas in Cre-expressing B cells were delayed in Dicer conditional knockout mice as a result of B-cell apoptosis, and none of the lymphomas that did develop had deleted both Dicer alleles. Moreover, biallelic deletion of Dicer in established lymphomas resulted in apoptosis. Screening of 1,303 lymphoma clones that survived Dicer deletion from two studies revealed that all had retained at least one Dicer allele. 6, 7 In addition, although homozygous deletion of Dicer in sarcoma cells was possible, the cells had impaired proliferation. 4 Thus, a certain level of Dicer expression appears to be necessary for tumor cell development, survival, and growth.
Inactivation of the p53 pathway is a prerequisite to cancer as it allows cells to evade apoptotic and growth arrest signals. Loss of miRNA biogenesis can lead to cellular stress and activation of p53 (Fig. 1) . Ablation of Dicer in untransformed murine fibroblasts or epidermal cells led to p53 activation and premature senescence or apoptosis, respectively. 8, 9 Deleting p53 or Arf (a tumor suppressor and regulator of p53) delayed the premature senescence in fibroblasts, 9 and loss of p53 inhibited the apoptosis in epidermal cells 8 ( Fig. 1) . Additionally, a small fraction of p53-null, mutant K-Ras-expressing sarcoma cells and SV40-immortalized (p53 and Rb inactivated) mesenchymal stem cells can survive deletion of Dicer 4 ( Fig. 1) . We detected an elevated frequency of p53 inactivation in B-cell lymphomas upon Dicer deletion, indicating an increase in p53 activation during transformation. 7 These data suggest that p53 inactivation may extend cell survival or be required for survival when Dicer is deleted. However, a p53 deficiency did not rescue the B-cell apoptosis caused by Dicer deletion (Fig. 1) , and did not prevent the resultant delay in lymphomagenesis. p53 deletion was also insufficient to allow established B-cell lymphomas to survive Dicer deletion in vitro or in vivo. 6 Arf deletion also did not confer a survival advantage to B-cell lymphomas with deletion of Dicer. Furthermore, B-cell lymphomas frequently overexpress the Bcl-2 anti-apoptotic protein, which may partially protect developing B cells, but not lymphomas, from apoptosis induced by deletion of Dicer.
6,10 Additionally, synthetic lethality occurred when p53 was inactivated in Dicer-and Rb-deficient retinal cells. 1 We observed that p53 deficiency restored development of the characteristic B-cell lymphoma in our Dicer conditional knockout mouse model in comparison to the early precursor B-cell lymphoma that arose in 40% of the mice born with both p53 alleles. 6, 7 Together, the data reveal tissue-specific requirements for Dicer and that p53 pathway inactivation is unlikely to rescue, or may only delay, the effects of Dicer deletion. Moreover, in contrast to non-hematopoietic cells, miRNAs appear to have an irreplaceable function in B-cell survival, regardless of cellular transformation or p53 status. Hematopoietic cells preferentially undergo apoptosis, whereas non-hematopoietic cells favor senescence, when stressful situations such as impaired miRNA processing are encountered (Fig. 1) . We demonstrated that inactivation of the p53 pathway neither protected against nor cooperated with Dicer loss during B-cell lymphomagenesis. 6, 7 Although it remains to be determined whether specific genetic alterations would permit B-cell lymphomas to survive without Dicer, our data establish Dicer as a possible therapeutic target for the treatment of B-cell lymphomas, and likely other hematopoietic malignancies. A concern with moving forward on such a strategy is that Dicer appears to function as a haploinsufficient tumor suppressor for lung, muscle, and retina, but this has only been shown in the context of p53 inactivation and after prolonged Dicer deficiency.
2-4 B-cell lymphomas are profoundly sensitive to loss of Dicer and rapidly undergo apoptosis, 6, 7 suggesting that short-term inactivation of Dicer would result in the death of B-cell lymphoma cells. Moreover, standard DNA damage-inducing chemotherapeutics can result in cancer development, whereas transient inactivation of Dicer is unlikely to be tumorigenic.
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